We have studied the interdependence of the intensity of oxidative processes/antioxidant level and the thyroid status parameters in a group of students aged 18-24 who lived for a long time in the territory of enhanced radioecological control (density of soil contamination by isotopes ( 137 Cs 3.7 • 10 4 -18.5 • 10 4 Bq/m 2 ). We examined 50 people from relatively environmentally friendly areas (control group) and 50 people from IV radiation zone (experimental group). In the experimental group, there were no individuals with clinical manifestations of thyroid pathology. However, subgroups with signs of hyperthyroidism and hypothyroidism were identified. We evaluated the level of cortisol, thyrotrophic hormone (TSH), triiodothyronine (T 3 ), thyroxine (T 4 ), malonic dialdehyde (MDA), ceruloplasmin (CP), transferrin (Tf), sulfhydryl groups (SH); we calculated the oxidative stress index (OSI). The research was conducted one month before the examination time and also during the exams as a factor in increased emotional stress. A lowered CP level was found in the subgroup with signs of hypothyroidism; SH groups -in all subgroups, separated by thyroid status. The oxidative stress index was higher in all students examined of the experimental group, compared with the control. The growth of MDA level is marked in the experimental group -it is the most strongly pronounced in conditions of additional emotional load in people with signs of hyperthyroidism and hypothyroidism. CP level significantly decreased in the subgroup of hyperthyroidism on the background of T 3 decrease. OSI increased in all students examined from the experimental group. In the subgroup of hypothyroidism it became significantly higher than in the subgroup of euthyroidism. A positive correlation between the levels of CP and T 3 was found. The highest values of the correlation coefficients were noted for subgroups with signs of hyperthyroidism and hypothyroidism, with the coefficient significance increasing under conditions of emotional stress. The index of oxidative stress in the experimental group positively correlated with the level of TSH -in terms of emotional stress, the statistical significance of the coefficients disappeared. In the subgroups divided by thyroid status, variability of interactions between OSI and T 3 was observed but it was not statistically significant. It was found that the participation of thyroid status in supporting redox homeostasis in people aged 18-24 who suffered from chronic small-doze radiation exposure was realized mainly by the influence on the antioxidant system. The ability of thyroid hormones to maintain a proper antioxidant state was suppressed in this group. The unbalanced relationship between thyroid hormones and oxidative stress indicators is strongly manifested under conditions of additional emotional stress.
Introduction
The activity of hormones of the thyroid gland (thyroid hormones, TG) is an important factor in determining the life span of an organism. They are responsible for growth, metabolic rate and energy consumption, take part in the work of the brain, musculoskeletal system and cardiovascular system. The specifics of thyroid hormone metabolism can contribute to adaptation to various environmental problems (Garasto et al., 2017) . Thyroid hormones affect the energy metabolism, accelerating energy metabolism stimulates the development of reactive oxygen species (ROS) in target tissues, which results in higher consumption of cellular antioxidants and inactivation of enzymatic mechanisms that provide antioxidant protection, causing oxidative stress (Videla, 2000) . Thyroid hormones regulate the synthesis and degradation of proteins, vitamins and antioxidant enzymes, play an important role in the production of free radicals. Changes in level of thyroid hormones are believed to be one of the main physiological modulators of cellular oxidative stress in vivo (Campos & Casado, 2015) , and this is done by stimulating several enzyme systems (De Vito et al., 2012) . Active forms of oxygen play an important role in physiological processes. However, oxidative damage to molecules occurs simultaneously. In physiological conditions, products and detoxification of ROS are more or less balanced. In the thyroid gland which produces thyroid hormones, ROS and free radicals are involved in both physiological and pathological processes. In particular, hydrogen peroxide (Н 2 О 2 ) is crucial for the biosynthesis of thyroid gland hormones, acting at different stages of the process. The involvement of active forms of oxygen in the pathologies of the thyroid gland depends, to a large extent, on the presence and effectiveness of antioxidants (Karbownik & Lewinski, 2003) . Oxidative stress mutually correlates with hormonal disorders, being connected with both hyperthyroidism and hypothyroidism. In some cases, oxidative stress is not a manifestation of the adaptation process, but is subject to thyroid dysfunctions, in particular, autoimmune thyroid diseases (Baser et al., 2015; Mancini et al., 2016) .
It is known that ionizing radiation affects both the thyroid and oxidative-antioxidant status of the organism. It was the thyroid system that turned out to be the most sensitive to the results of the Chornobyl accident with early observed effects (Popovych et al., 2003) . The risk of development of thyroid gland pathologies is considered to be high enough both by scientists and doctors, despite the long time that has passed since the radiation catastrophe, it concerns both acute and chronic exposure (Cardis & Hatch, 2011; Takamura et al., 2016; Boice, 2017; Rumiantsev et al., 2017) . A special risk group is the people who were 0-5 at the time of the accident, which indicates the high vulnerability of this age group to radiation exposure. Recent data indicates the possibility of remote thyroid abnormalities, as a consequence of longterm low-dose radiation, in the absence of direct exposure to radioactive iodine (Abou-El-Ardat et al., 2012; Fushiki, 2013; Takamura et al., 2016) . Often they are combined with increased anxiety: a typical sign of a stressful situation (Contis & Foley, 2015) .
Activation of oxidative processes under conditions of ionizing radiation is determined by its stressful effect (Nylund et al., 2014) and the formation of radiolysis products with high oxidation or reducing activity (Kam & Banati, 2013) . Radiation-induced oxidative processes are clearly manifested in acute irradiation (Combs & Combs, 1986) , however, the effects of small doses are rather ambiguous and obviously depend on certain additional factors (Stone & Dratz, 1982) .
Low-dose ionizing radiation (LDIR) is a type of low-frequency chronic radiation that does not cause significant toxic effects. However, it can accelerate cellular ageing by increasing the activity of ROS and destroying biopolymers (Loseva et al., 2014) . However, views on the expressed damaging effect of small doses due to oxidative processes are quite contradictory. Some authors point out certain theoretical calculations and the lack of precise dosimetry and question the presence and negative effects of increased oxidative stress by LDIR exposure (Smith et al., 2012) . Others argue that, in general, there is a significant influence of low doses of ionizing radiation on the oxidative status of the organism (Einor et al., 2016) .
Obviously, an important substrate for oxidative processes with ionizing radiation is lipids (Dostert et al., 1991) , and the lipid profile is closely related to the thyroid status of the organism (Mustafina et al., 2010; Kannisto et al., 2014; Lindemann et al., 2014; Sinha et al., 2014) .
Currently, a significant part of the territory of Ukraine is contaminated with 137 Cs isotope, and the variability of radionuclide activity within the radiation zone IV is quite significant (Sokolenko & Sokolenko, 2015) . We have shown that the inhabitants of the territory of enhanced radioecological control demonstrated a certain tension of the thyroid system, which was characterized by high TSH concentration in people with a high T 3 level in peripheral blood. The thyroid status correlated with lipid parameters (Sokolenko & Sokolenko, 2017) . Also, in this cohort radiation-induced intensification of oxidative processes was detected, which grew under conditions of additional stress of emotional nature and influenced the immune system (Sokolenko et al., 2018) .
The objective of this work was determining the specifics of the interrelation between the thyroid and oxidative-antioxidant systems in people aged 18-24 who lived for a long time in radiation-polluted territories, in the conditions of absence/presence of additional psychoemotional load.
Materials and methods
We have examined 50 students from the radiation free regions of Cherkasy region (control group) and 50 students who came to the Bohdan Khmelnytsky National University of Cherkasy from the territories of the intensified radioecological control area (IV zone with a soil pollution density above the pre-accident level ( 137 Cs 3.7 · 10 4 -18.5 · 10 4 Bq/m 2 (1-5 Ku/km 2 )). The age of the examined students was 18-24 years. In the experimental group there were no persons with clinical manifestations of thyroid gland pathology.
Blood samples were taken in the morning, before eating, by medical specialists of the student sanatorium Edem, affiliated to the University, and of the clinical diagnostical laboratory of the communal non-commercial organization Cherkasy First City Hospital. The analyses were performed in the laboratories of the Bohdan Khmelnytsky National University of Cherkasy. In conducting the research, the bioethical principles of medicalbiological research with human participation were observed in accordance with the Helsinki Declaration (Ethical Principles Regarding Human Experimentation). The examined students gave written consent to participate in research and to publication of the results.
The first blood sample was taken a month before the winter examination session, the second (to assess the effect of additional emotional load) -after the first exam.
The criterion for stress was the level of cortisol in serum (evaluated using the BIO-RAD (USA) kit).
The thyroid status was assessed by presence in blood serum of the thyroid stimulating hormone (TSH) (using TSH-RIA test kits (Immunotech, Czech Republic), thyroxine (T 4 ), and triiodothyronine (T 3 ) (using the RIO-T4-IPR test kits and RIO-T3-IPR of the Institute of Bioorganic Chemistry of the National Academy of Sciences of the Republic of Belarus).
Indicators of lipid peroxidation (level of malondialdehyde (MDA)) and antioxidant system (levels of ceruloplasmin (CP), transferrin (Tf) and sulfhydryl groups (SH-groups)) were determined according to the method proposed by Korol & Myhal (2012) . According to the same methodology, the index of oxidative stress was calculated (Korol & Myhal, 2012) . The calculation process is described in detail in our previous article (Sokolenko et al., 2018) .
By the level of triiodothyronine (T 3 ) within the experimental group, three subgroups were separated: with the signs of euthyroidism (15 people); with signs of hyperthyroidism (24 persons); and with signs of hypothyroidism (11 people).
The data in the tables are presented as mean ± standard error (x ± SE). Data were compared using the ANOVA method. The interconnections between the parameters were analyzed by determining the Pearson correlation coefficient. The statistical significance of the difference between the groups and the significance of the correlation coefficient are indicated by three levels: P < 0.05, P < 0.01 and P < 0.001.
Results
It was determined that among the 50 people aged 18-24 who lived for a long time in the territory of enhanced radioecological control and were tested, the thyroid status parameters coincided with those obtained for a larger group and described earlier: in the hypothyroidism subgroup T 3 exceeded the lower level of referential meaning, in the group of hyperthyroidism -it tended to approach to the upper limit. Clinical signs of thyroid pathology were not marked among those examined. An important sign was the elevated level of thyroid stimulating hormone in the subgroup of hyperthyroidism, which is not typical for this thyroid status (Table 1 ). In all three subgroups of the experimental group, separated by thyroid status, there was a tendency to increase in the level of malonic dialdehyde compared to control. However, the increase was not statistically significant (Table 1) .
Ceruloplasmin level was statistically significantly lowered, compared with control, in the subgroup of hypothyroidism; the level of sulfhydryl compounds was lowered in all three subgroups of the experimental group, divided by the thyroid status. Moreover, in the subgroups of hyperthyroidism and hypothyroidism, the content of sulfhydryl compounds was lower than in the subgroup of euthyroidism. Transferrin level showed a downward trend in all three subgroups, which was not statistically significant. The index of oxidative stress was statistically significantly higher in all subgroups of the experimental group, compared with the control (Table 1) .
Under conditions of additional psychoemotional load, MDA level significantly increased in all three subgroups, in the hyperthyroidism and hypothyroidism groups MDA score was significantly higher not only compared with pre-exam values but also with MDA level in control (in terms of emotional load) and in the experimental group of euthyroidism (Table 1 ). The level of ceruloplasmin significantly decreased in comparison with pre-exam values in the hyperthyroidism subgroup and became lower than the control under the same conditions. In the hypothyroidism subgroup, the level of ceruloplasmin remained lower, compared with control and, despite the lack of a significant decrease compared to preexam values, it was lower than the index in the euthyroidism subgroup (Table 1) .
Transferin did not show statistically significant changes under conditions of psycho-emotional load. The level of sulfhydryl groups significantly increased both in control and in all experimental subgroups. However, in experimental subgroups, it remained statistically signifi-cantly lower compared to control, and in the subgroups of hyperthyroidism and hypothyroidism lower compared to the euthyroidism subgroup (Table 1) . Oxidative stress index did not change in control and significantly increased in the subgroups. In the subgroup of hypothyroidism, it became significantly higher than in the euthyroidism subgroup (Table 1) .
Тable 1
Cortisol, thyroid status, oxidative processes and antioxidant system parameters in the control and experimental groups (upper line -before emotional stress, lower line -during emotional stress)
Components
Control, x ± SE (n = 50)
Experimental group: people undergoing the prolonged influence of small radiation doses, x ± SE (n = 50) euthyroidism (n = 15) hyperthyroidism (n = 24) hypothyroidism (n = 11)
Cortisol, nmol /l 351.1 ± 10. Correlation analysis revealed a lack of statistically significant bonds between the oxidation/antioxidant system and thyroid status parameters in the control group. To moderate expressed bonds we can refer the positive correlation between thyroid stimulating hormone and malonic dialdehyde (r = 0.21 without emotional stress, r = 0.24 during emotional load; P > 0.05); triiodothyronine and ceruloplasmin (r = 0.25 without emotional load, r = 0.27 during emotional load; P > 0.05); and negative correlation: between the level of triiodothyronine and the index of oxidative stress (r = -0.19 without emotional load, r = -0.21 during emotional load; P > 0.05). In the experimental group, the absence of statistically significant bonds of the oxidation-antioxidant system and thyroid status parameters are observed for MDA, transferrin and SH-groups levels ( Fig. 1-9 ). Ceruloplasmin positively correlated with the level of triiodothyronine ( Fig. 4-6 ), the highest values of the correlation coefficient were marked for subgroups of hyperthyroidism (r = 0.59, P < 0.01) and hypothyroidism (r = 0.63, P < 0.05). Under conditions of psychoemotional stress in the subgroups of hyperthyroidism and hypothyroidism, the correlation coefficient increased (r = 0.78, P < 0.001 and r = 0.75, P < 0.01 correspondingly), the coefficient significance especially increased in the subgroup of hyperthyroidism. The oxidative stress index positively correlated with TSH level in all subgroups under conditions of the absence of psychoemotional stress (euthyroidism: r = 0.41, P < 0.05; hyperthyroidism: r = 0.40; P < 0.001; hypothyroidism: r = 0.48; P < 0.05) with its presence, statistical significance of the correlation coefficients disappeared ( Fig. 1-3) . Also, oxida-tive stress index showed a negative correlation with T 3 level in the hypothyroidism subgroup, the value of the correlation coefficient increased in conditions of emotional stress, but did not reach the level of statistical significance (Fig. 6 ). In the hyperthyroidism subgroup, the correlation coefficient changed its value from positive (before emotional load) to negative (during emotional stress). However, in neither case did this have statistical significance (Fig. 5 ). 
Discussion
Recently, a significant body of evidence has been obtained on the importance of thyroid dysfunctions in the intensification of oxidative processes in the human body. Hypermetabolic state with hyperthyroidism is associated with oxidative tissue damage, in particular, due to the influence on mitochondria activity. Available data indicate that hyperthyroid tissues cause increased production of active forms of oxygen. Other biochemical processes, stimulated by hormones of the thyroid gland, increase the susceptibility of various tissues to oxidative influences, which increases the trauma or dysfunction caused by stress conditions (Venditti & Di Meo, 2006) . In the liver, oxidative stress caused by hormones of the thyroid gland leads to cell damage by increasing the permeability of the plasma membranes that modifies separate liver functions. In addition, T 3 -induced activity of a "metabolic (respiratory) explosion" in Kupffer cells may have harmful effects through the production of cytotoxins that are involved in the activation of inflammatory processes (Videla, 2000) . Oxidative stress is associated with both hyperthyroidism and hypothyroidism (Costantini et al., 1998; Yilmaz et al., 2003; Sarandöl et al., 2005; Villanueva et al., 2013) , even in subclinical conditions. The growth of oxidative stress index is a concomitant phenomenon of a decrease in the conversion of thyroxine (T 4 ) to triiodothyronine (T 3 ), in particular with nonthyroid illness syndrome (NTIS). This suggests that oxidative stress in this case is not only a sign of the adaptation process but also connected with the state of hypothyroidism (Abilés et al., 2006; Mancini et al., 2016) .
The increased index of oxidative stress, compared to control, was observed in our studies regardless of the thyroid status of examined patients aged 18-24 years in the experimental group. Theoretically, the highest values had to be expected in the subgroup with the signs of hyperthyroidism, which should lead to a general intensification of oxidative processes. According to the data, hyperthyroidism leads to the formation of oxidative stress and an oxidative-antioxidant imbalance in the body (Andryskowski & Owczarek, 2007) . Moreover, the level of TSH was atypically elevated in this subgroup. TSH excess directly induces oxidative stress (Dardano et al., 2006) . Indeed, in many clinical cases (in particular, female sterility), TSH level growth is often accompanied by increase of malondialdehyde and ceruloplasmin concentration, which is a sign of oxidative stress (Al-Fahham, 2015; Hussein et al., 2017; Ramandeep et al., 2017) . A positive correlation of TSH with lipid peroxidation was detected in children born in the families of Chornobyl accident liquidators (Borisko et al., 2008) .
However, in our studies, the average index of oxidative stress reached its highest value in the subgroup of hypothyroidism, at the same time it increased the most intensively in conditions of additional emotional stress; the difference with the subgroup of euthyroidism became statistically significant (Table 1) . It was in the subgroup of hypothyroidism where the index of oxidative stress demonstrated a negative correlation with the level of T 3 , which, however, had no statistical significance (Fig. 6 ). In the hyperthyroidism subgroup, OSI and T 3 correlation coefficient also did not have statistical significance. However, it changed its value from positive (before emotional stress) to negative (during emotional stress) (Fig. 5 ). On the one hand, this indicated a certain protective role of triiodothyronine in the intensification of oxidative processes. On the other hand, taking into consideration the positive correlation between OSI and T 3 in the euthyroidism subgroup (without any statistical significance), we can talk about the imbalance of the regulatory function of triiodothyronine in relation to the oxidative processes in individuals who have undergone prolonged exposure to small doses of radiation. Definitely, triiodothyronine in our studies did not act as a significant factor in stimulating oxidative processes by activating metabolic processes.
In general, available data for oxidative stress both in hypothyroiddism, and hyperthyroidism are quite controversial. There are not enough data for oxidative stress by subclinical hypothyroidism (Baskol et al., 2007; Torun et al., 2009; Haribabu et al., 2013) . Logically, in hypothyroidism a low level of free radical formation is expected due to inhibition of metabolic processes and production of active forms of oxygen due to reduced levels of thyroid hormones (Erdamar et al., 2008) . Low level of T 3 can be considered as a compensatory antioxidant mechanism (Maia et al., 2005) . Experimental data suggest that moderate hypothyroidism can promote longevity by reducing metabolism, oxidative stress and cellular aging (Garasto et al., 2017) . However, some studies reported a high level of oxidative stress in patients not only with hyperthyroidism but also with hypothyroidism (Costantini et al., 1998; Yilmaz et al., 2003; Sarandöl et al., 2005; Villanueva et al., 2013) , even in subclinical conditions. Experimental animal studies have shown that in the case of artificial stimulation of hypothyroidism, the level of lipid peroxidation is mostly determined by the age of the animals, what kind of tissues were analyzed and antioxidant enzymes activity (Yilmaz et al., 2003) , the effect may also be influenced by the peculiarities of nutrition, in particular, the addition of vitamin E in a diet (Sarandöl et al., 2005) .
Obviously, to understand the mechanisms of our results, we must analyze all the components of OSI.
Oxygen reactive forms may change the function and chemical structure of membrane lipids. The marker of lipid peroxidation during oxidative stress activation is malonic dialdehyde (Fernández-Sánchez et al., 2011; Leonard & Maes, 2012) . A high level of MDA, substantially correlated with T 3 levels, was found in patients with schizophrenia (Akiibinu et al., 2012) . Growth of MDA level against the background of T 3 deficiency and antioxidant protection led to abortion (Ramandeep et al., 2017) . There is evidence of a significant increase of MDA level in patients with hypothyroidism, which characterizes enhanced formation of active forms of oxygen and parallel disorder in the antioxidant system (Resch et al., 2002; Bhattacharya et al., 2014) . It is noted that MDA was elevated in both patients with expressed and subclinical hypothyroidism compared with the control group, while the level of total antioxidant status (TAS) did not show significant differences between the groups (Baskol et al., 2007; Torun et al., 2009; Haribabu et al., 2013) . A study conducted on patients with subclinical hypothyroidism, developed as a result of Hashimoto's thyroiditis, did not reveal any difference in levels of endogenous MDA between patients and the control group; however, the induction of MDA by prooxidant stimulants was significantly more intensive in patients with hypothyroidism (Öztürk et al., 2012) . In patients with papillary cancer of the thyroid gland, MDA level in the prethyroidectomy period was significantly higher compared with controls, indicating that it was involved in the development of the pathological process (Kosova et al., 2007) . During iodine therapy with radioactive iodine ( 131 I), MDA level increased even more, although, the therapy did not cause significant antioxidant status disorders (Vrndic et al., 2014) . Treating patients with thyroid hormones reduced MDA levels (Baskol et al., 2007) .
The absence of a significantly elevated MDA level in the examined subgroups of hyperthyroidism and hypothyroidism, subject to emotional load, can be explained by the fact of subclinical thyroid states. In addition, a significant variation in the MDA level was observed in the control group, as it can be seen from the standard error. In the experimental group, index variability was significantly lower, indicating the stabilization of oxidative processes at a certain level, obviously due to the adaptation to prolonged exposure of small doses of radiation. Under conditions of emotional stress, the level of malondialdehyde in persons from radiation-contaminated territories statistically significantly increased, in comparison with pre-exam values, regardless of thyroid status. At the same time, the index in both hyperthyroidism and in the hypothyroidism subgroups became significantly higher than control and euthyroidism subgroup index (Table 1) . Taking into account the lack of statistically significant correlation between the level of MDA and the level of T 3 , which became the basis for division into subgroups, we draw the conclusion of the low contribution of triiodothyrodine in the implementation of detected changes in lipid peroxidation.
Perhaps the main role in the formation of malonic dialdehyde level in the experimental group was performed by specific lipid profile. Some authors believe that oxidative stress and MDA growth in hypothyroidism (both expressed and subclinical) are caused not by direct changes in thyroid status, but by changes in the lipid profile caused by thyroid dysfunction (Santi et al., 2012; Anjaneyulu et al., 2015; Cheserek et al., 2015) . Prolonged availability of oxidative substrates (mainly low density lipoprotein cholesterol, LDL-C) in plasma increases their susceptibility to oxidative modification (Napoli et al., 1995) . Probably, the primary effect is hyperlipidemia, caused by thyroid hormones, secondary -the use of excess lipids as substrates for T 3 and accelerated consumption of the oxygen by hormones. This, in turn, leads to an increase in ROS, an increase in the consumption of cellular antioxidants and inactivation of antioxidant enzymes (Fernández et al., 2006; Venditti & Di Meo, 2006) . The value of T 3 as an antioxidant in hypothyroid states is due to the promotion of ROS destruction by increasing the availability of antioxidants for cells and, correspondingly, protection of LDL-C from oxidation (Oziol et al., 2001) . However, persistent hyperlipidemia can lead to antioxidant system overload and, subsequently, to a decrease in the level of antioxidant defense. As a consequence, with progressive hyperlipidemia, oxidative stress increases, which is observed in subclinical hypothyroidism (Yang et al., 2008; Cheserek et al., 2015) . The effect is confirmed by a significant correlation between MDA and LDL-cholesterol levels, total cholesterol and triglycerides levels. Thus, activation of oxidative stress accompanied by an increase in MDA level, in subclinical hypothyroidism, is conditional not only to the reduction of antioxidant levels but also due to the altered lipid metabolism (Nanda et al., 2008; Torun et al., 2009; Haribabu et al., 2013) .
Previously, we have shown that in hypothyroidism subgroups, in the absence of emotional stress, there is the highest level of low density lipoprotein cholesterol, the main substrate of lipid peroxidation. The statistical significance of the difference was observed not only in comparison with control, but also with subgroups of euthyroidism and hyperthyroidism. Under conditions of emotional stress, the level of LDL-C increased and was significantly higher than in the control and subgroup of euthyroidism. The level of LDL-C inversely correlated with the level of triiodothyronine; in the subgroup of hyperthyroidism, this correlation was positive. In all three subgroups, a statistically significant correlation between the level of LDL-C and the level of oxidative processes stimulator TSH (Sokolenko & Sokolenko, 2017) , was noted. Thus, thyroid status had a significant effect on the lipid metabolism of the examined patients, although its role was leveled to some extent in conditions of emotional stress. Hyperthyroidism (both expressed and subclinical) is often accompanied by a decrease in levels of total cholesterol, LDLcholesterol, HDL-cholesterol. These changes in the lipid profile are due to the regulatory influence of the thyroid hormones on the activity of some key lipoprotein metabolism enzymes, one of which is the stimulation of cholesterol synthesis. The levels of triglycerides remain unchanged. Hyperthyroidism leads to increased oxidation of LDL-C, which is closely related to the level of free T 4 . Normal cholesterol level is not always an accurate indicator of optimal thyroid function, but elevated cholesterol level is considered a sign of its dysfunction (Anjaneyulu et al., 2015) .
In studies where the parameters of both hyperthyroid and hypothyroid patients were analyzed, it was demonstrated that hyperthyroidism showed the highest intensity of LDL-C peroxidation and a low level of antioxidants. Patients with hypothyroidism demonstrated intermediate values: LDL-C oxidation was significantly lower than with hyperthyroidism but higher than in the control group. With hyperthyroidism, but not in the other two groups, the LDL-C oxidation was significantly affected by the level of free thyroxine in the blood. However, in hypothyroidism the intensity of LDL-C oxidation significantly correlated with serum lipids level (Costantini et al., 1998) .
Different authors report opposite changes in the intensity of lipid peroxidation caused by free oxygen radicals in both hyperthyroidism and hypothyroidism, but these data were obtained in experiments with animals. For humans, it is predominantly believed that lipid peroxidation increases with both states under different mechanisms (Dumitriu et al., 1988; Anjaneyulu et al., 2015) .
We found a statistically significant correlation between the lowdensity lipoprotein cholesterol and MDA level (r = 0.59 in the absence and r = 0.68 in the presence of additional emotional stress, P < 0.001) and the index of oxidative stress (r = 0.65 in the absence and r = 0.75 in the presence of additional emotional stress; P < 0.001). The growth of the importance of correlation dependence in terms of psychoemotional stress correlates with the literature data on increasing the value of corticoid hormones in the development of lipid metabolism disorders in conditions of chronic psychological stress, depression, low socio-economic status (Brotman et al., 2007; Engelking, 2010; Toth et al., 2014) .
It is believed that reduced activity of antioxidants in the development of oxidative processes leads to dysfunctions of the thyroid gland (Karbownik & Lewinski, 2003) . Leading antioxidants are ceruloplasmin, transferrin (Memişoǧulları & Bakan, 2004; Somogyi et al., 2007) and sulfhydryl groups SH (Birben et al., 2012) . The results obtained in our studies show that the formation of oxidative stress and its intensification in conditions of psychoemotional stress in people with different thyroid status was determined precisely by antioxidant factors. In particular, in the absence of statistically significant differences in MDA level between subgroups and control (before emotional load), in the hypothyroidism subgroup the level of ceruloplasmin was statistically significantly reduced compared to control. In the hyperthyroidism subgroup the level of ceruloplasmin significantly decreased during an additional emotional load against the background of T 3 decrease (Table 1) . This indicates the important protective role of triiodothyronine in relation to this antioxidant factor. The effect was confirmed by the correlation analysis of T 3 and CP: a statistically significant correlation, in particular in the subgroups of hyperthyroidism and hypothyroidism; an increase in significance in conditions of psychoemotional stress, especially in the subgroup of hyperthyroidism (Fig. 5 ). Ceruloplasmin is α 2globulin, which contains about 95% of the total amount of copper in serum. The primary physiological role of CP is to provide redox reactions of plasma. It can function as an oxidant or antioxidant depending on the certain factors. Ceruloplasmin is important for controlling the membrane lipids oxidation and is a major agent of protecting against the harmful effects of active forms of oxygen in cells (Ha et al., 1996; Kim et al., 1998; Das & Chainy, 2004) .
The literature contains some data that differs from the results we have obtained. In particular, it was reported that hyperthyroidism, due to T 3 growth practically does not affect the level of transferrin and ceruloplasmin (Graninger et al., 1986) . However, most studies of the recent years prove that thyroid hormones stimulate synthesis and also export of synthesized in the serum ceruloplasmin, thereby regulating the level of copper in the blood (Mittag et al., 2012; Hybsier et al., 2015) . Consequently, patients with hypothyroidism have significantly lower ceruloplasmin level, against MDA growth, than the control. As a consequence, even after 6 months treatment, the activation of lipid peroxidation remains, which is probably caused by a low level of CP in serum (Bhattacharya et al., 2014) . Significant correlations between ceruloplasmin level and thyroid status was found in patients with chronic kidney disease (Zainal, 2016) .
Taking into account the parallel decrease (compared to control) in level of sulfhydryl compounds in the experimental group (before and during emotional stress) and the fact that in both hyperthyroidism and hypothyroidism subgroups the rate was significantly lower than in the euthyroidism subgroup, it is obvious that the following complex of antioxidant status has determined the specifics of the oxidative processes in the examined group.
According to the literature, under normal conditions, the protective effect of thyroid hormones on oxidative stress can be explained by the modulation of the antioxidant system and its maintenance on the quality level (Fernández et al., 2006; Joshi et al., 2011) . Thyroid hormones activate the cyclicity of ATP, which enhances oxidative phosphorylation and reduces ROS formation; increase the production of reducing substances that promote ROS removal (Moustafa et al., 2009) . Investigation of the system of antioxidant defense under hyperthyroid conditions show quite contradictory results (Venditti & Di Meo, 2006) . There are reports that the influence of hyperthyroidism on the activity of antioxidant enzymes, including copper-containing, depends on the tissue, with T 3 and T 4 having differentiated effects (Huh et al., 1998) . The same contradictions are observed with respect to hypothyroid cases. Some sources indicate that the total antioxidant status with expressed hypothyroidism, subclinical hypothyroidism and in control is usually similar (Torun et al., 2009) . In others, low levels of total antioxidant capacity are noted in patients with hypothyroidism (Mancini et al., 2010) .
There is an assumption that oxidative stress and the reduction of antioxidant defense in hypothyroidism are the result of biochemical processes in the physiological adaptation to the condition. Thyroid hormones in humans take part in the suppression of the toxic effects of oxidative stress (Baskol et al., 2007) . It is logical to think that oxidative stress is associated with both hyperthyroidism and hypothyroidism, but the mechanisms by which it is generated in these clinical states are differrent: hyperthyroidism is associated with increased production of active forms of oxygen, hypothyroidism -with the low availability of antioxidants (Resch et al., 2002) .
In general, antioxidant depletion, observed in people with hypothyroidism, may reflect an increase in the production of free radicals in the chain of electron transport on the internal membrane of mitochondria. The increase in free radicals is not compensated, as expected, due to a decrease in the number of antioxidants, in particular ceruloplasmin. Thus, the cells of the patients are probably damaged in a result of prolonged oxidative stress, which greatly exceeds the ability of the organs of the patients to synthesize antioxidant molecules or to receive them from extracellular sources (Joshi et al., 2011) . It is believed that the prooxidant environment in hypothyroid patients forms the preconditions for atherosclerosis development (Baskol et al., 2007) . Taking into consideration that hypothyroidism is closely related to hypertension by means of sympathetic and adrenal activation (Fommei & Iervasi, 2002) , the presence of vegetative-vascular dystonia syndrome in a significant number of examined patients in the experimental group with signs of hypothyroidism is logical, as reported earlier (Sokolenko, 2016; Sokolenko & Sokolenko, 2017 ).
An important role in the development of certain pathologies of the thyroid gland belongs to the factors that cause the activation of active oxygen production and, at the same time, are characterized as destabilizers of endocrine functions: heavy metals, ionizing radiation, certain chemicals. Their action is realized by a wide spectrum of moleculartoxic mechanisms (Colucci et al., 2015) . Probably, prolonged residence in radiation-contaminated territories influenced the formation of interrelationships between the thyroid and oxidative-antioxidant status of the examined students from the experimental group.
Recently it has been considered necessary to study in detail the changes in human health in the context of the chronic effects of low doses of radiation. The results of such studies are important and can be used for proper radiation protection and for determining the safety requirements for living in conditions of high radiation background, especially with regard to ongoing discussions about "dose-response" curves describing radiation-related effects and the severity of radiation damage (Ryan, 2012; Einor et al., 2016) . Ionizing radiation can also affect proteins, nucleic acids and complex lipids as a result of formation of active forms of oxygen by water radiolysis or changes in mitochondrial functions (Kam & Banati, 2013) . Different publications describe the bond between LDIR and the formation of reactive oxidative factors (Azzam et al., 2012; Smith et al., 2012) . Oxidative damage can be one of the mechanisms that underlie various harmful effects of radiation, is a manifestation of its catalytic activity and is realized depending on the ratio of increased ROS concentrations and reduced activity of antioxidant enzymes against the background of genetic damage, concomitant diseases, inflammation, and food deficiency (Spitz et al., 2004; Halliwell & Gutteridge, 2007; Einor et al., 2016) .
It should be considered that in all students examined from the experimental group, in addition to the OSI growth, one more typical symptom of a stressful situation was observed -an increased cortisol level in blood serum (Table 1) , and in the conditions of an additional emotional load, both indicators increased. Previously, we showed a statistically significant correlation between the level of cortisol and the index of oxidative stress in the examined group (Sokolenko & Sokolenko, 2016a) . This confirms that realization of adaptive response to chronic exposure, as a stress factor, in inhabitants of the territory of enhanced radioecological control is realized in various ways, both physiological and biochemical mechanisms are involved. There are reports on the probability of involvement of emotional factors in the process (Contis & Foley, 2015) , and, as we have shown, short-term additional emotional stress increases already existing radiation-induced stress. A similar phenomenon is manifested during physical load, but in this case, the intensity of physical activity is significant (Filaire et al., 2009; Ardern et al., 2016; Sokolenko & Sokolenko, 2016) . The state of the immune system should also be taken into account: previous publications reported a significant correlation of oxidative stress and lipid metabolism with the level and phagocytic activity of neutrophils (Sokolenko, 2016; Sokolenko & Sokolenko, 2017; Sokolenko et al., 2018) . Neutrophils produce active forms of oxygen, which contributes to the development of inflammation (Fernández-Sánchez et al., 2011; Lutai et al., 2016) . The functional polarization of phagocytes (neutrophils and monocytes), characterized by the ratio of the production of reactive forms of oxygen and phagocytic activity, depends on many factors, in particular, the period of the day, physical activity, the state of lipid metabolism (Skivka et al., 2015a (Skivka et al., , 2015b Rudyk et al., 2016 Rudyk et al., , 2018 . There are data on dependence of functional status of neutrophils on thyroid status parameters (Mezosi et al., 2005; Marino et al., 2006; Mathison, 2006; Kurjane et al., 2012) .
The analysis of involvement into the adaptive response formation (at the level of the oxidative antioxidant system) of the thyroid status demonstrated some imbalance of the interactions between thyroid hormones and the index of oxidative stress. In addition, the inhibition of the ability of thyroid hormones to maintain an adequate antioxidant state is shown. Taking into account the earlier data published, one can say that the leading factors associated with the formation of oxidative stress among inhabitants of radiation-contaminated territories aged 18-24 without severe pathologies was the state of lipid metabolism and hyperproduction of cortisol (Sokolenko & Sokolenko, 2017; Sokolenko et al., 2018) .
Conclusions
Individuals aged 18-24 who had lived for a long time in radiationcontaminated areas of Cherkasy region, show a variation of the interrelation between thyroid hormones and oxidative stress index, which can be characterized as a moderate imbalance of homeostatic mechanisms. A certain role in the activation of lipid peroxidation, manifested by MDA level growth, was played by a thyroid-stimulating hormone. The contribution of triiodothyrodine to detected changes of MDA level is low. The participation of the thyroid status in supporting redox homeostasis was mainly realized by the influence on the system of antioxidants, in particular, ceruloplasmin level. This was confirmed by its positive correlation with the level of triiodothyronine. However, the ability of thyroid hormones to maintain a proper antioxidant status in people who have undergone prolonged exposure to small doses of radiation is suppressed. The level of cortisol and lipid status could influence the implementation of the interrelation between the thyroid status and the oxidative-antioxidant system of the examined students. The unbalanced relationship between thyroid hormones and oxidative stress indicators was manifested most strongly under conditions of additional emotional stress.
